Abstract: ) is proposed as a novel tumor-related miRNA and has been found to be significantly deregulated in human cancers. In this study, the miR-212 expression was found to be obviously downregulated in hepatocellular carcinoma (HCC) tissues as compared with adjacent nontumor tissues. Clinical association analysis indicated that low expression of miR-212 was prominently correlated with poor prognostic features of HCC, including high AFP level, large tumor size, high Edmondson-Steiner grading, and advanced tumor-node-metastasis tumor stage. Furthermore, the miR-212 expression was an independent prognostic marker for predicting both 5-year overall survival and disease-free survival of HCC patients. Our in vitro studies showed that upregulation of miR-212 inhibited cell proliferation and induced apoptosis in HepG2 cells. On the contrary, downregulation of miR-212 promoted cell proliferation and suppressed apoptosis in Huh7 cells. Interestingly, we found that upregulation of miR-212 decreased FOXA1 expression in HepG2 cells. Significantly, FOXA1 was identified as a direct target of miR-212 in HCC. FOXA1 was downregulated in HCC tissues as compared with noncancerous tissues. An inverse correlation between FOXA1 and miR-212 expression was observed in HCC tissues. Notably, FOXA1 knockdown inhibited cell proliferation and induced apoptosis in HepG2 cells. In conclusion, miR-212 is a potent prognostic marker and may suppress HCC tumor growth by inhibiting FOXA1 expression.
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Introduction
MicroRNA-212 (miR-212) has been considered as a novel tumor-related miRNA and is found to be significantly deregulated in human cancers. The miR-212 expression was reduced in human primary gastric cancer, [1] [2] [3] lung cancer, 4,5 colorectal cancer, 6 and acute myeloid leukemia (AML). 7 Furthermore, decreased miR-212 expression was correlated with adverse clinicopathological features of cancer, aggressive tumor phenotype, 6 and poor prognosis of patients with malignancies. 7 Importantly, miR-212 has been considered as a tumor suppressive miRNA by regulating cellular processes such as proliferation and apoptosis in human cancers. Upregulation of miR-212 induced decreased growth of gastric cancer cells by targeting methyl-CpG-binding protein MeCP2.
1,2 Ectopic expression of miR-212 increased tumor necrosis factor-related apoptosis-inducing ligand-induced cell death in non-small-cell lung (NSCLC) cells by targeting the antiapoptotic protein PED/PEA-15 (PED). 5 miR-212 was associated with the cetuximab resistance of head and neck squamous cell carcinoma. 8 And the cell proliferation, migration, and invasion of ovarian cancer were found to be modulated by miR-212 through targeting heparin-binding epidermal growth factor (HBEGF).
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Tu et al was upregulated in pancreatic ductal adenocarcinoma (PDAC) 10, 11 and oral tumors. 12 It was found to exert oncogenic function in PDAC by targeting protein patched homolog 1 (PTCH1) and pRb. 10, 11 Therefore, the functional significance of miR-212 in cancer initiation and development seems to be cancer-type specific. However, the clinical significance of miR-212 and its related molecular pathways involved in the progression of hepatocellular carcinoma (HCC) remains poorly investigated.
Here, we demonstrate that reduced miR-212 expression is observed in HCC tissues. The low expression of miR-212 is correlated with poor prognostic features and reduced survival of HCC patients. Furthermore, miR-212 inhibits HCC cell proliferation and induces apoptosis in vitro. Forkhead box protein A1 (FOXA1) is identified as a functional target of miR-212. Mechanistically, our results demonstrate that miR-212 functions as a tumor suppressive miRNA by inhibiting FOXA1 in HCC. The following primers were used: FOXA1 sense primer 5′-AAT CAT TGC CAT CGT GTG-3′ and antisense primer 5′-CGC GGC TTA AAA TCT GGT AT-3′ and GAPDH sense primer 5′-CAA GCT CAT TTC CTG GTA TGA C-3′ and antisense primer 5′-CAG TGA GGG TCT CTC TCT TCC T-3′. The PCR amplification to quantify the FOXA1 and GAPDH mRNA was performed using an ABI PRISM 7300 Sequence Detection System (Thermo Fisher Scientific) and a SYBR ® Premix Ex Taq™ ii (Perfect Real Time) Kit (Takara Bio, Shiga, Japan), as previously reported. 13 cell transfection miRNA vectors, including miR-212 expression vector (HmiR0269-MR04), the control vector for miR-212 (CmiR0001-MR04), miR-212 inhibitor (HmiR-AN0319-AM04), and the negative control for the miR-212 inhibitor (CmiR-AN0001-AM04), were purchased from GeneCopoeia. The targeted sequences for FOXA1 siRNA duplex (5′-GCA CUG CAA UAC UCG CCU U-3′) or a nonspecific duplex oligonucleotide as a negative control were synthesized using Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, People's Republic of China). Cells were transfected with the vectors mentioned above using Lipofectamine 2000, according to the manufacturer's instructions (Thermo Fisher Scientific).
Materials and methods clinical samples and cell lines
cell proliferation and apoptosis detection
For the proliferation assay, HCC cells were seeded into 96-well plates at 5,000 cells per well for 24 hours and assessed using a Cell Proliferation ELISA, BrdU 
Western blot
The following primary antibodies were used in the immunoblotting assays: FOXA1 (#3333, Epitomics Inc., Burlingame, CA, USA) and GAPDH (G8140; United States Biological, Salem, MA, USA). Horseradish peroxidaseconjugated secondary antibodies (Bio-Rad, Hercules, CA, USA) were used at a 1:1,000-1:5,000 dilution and detected using a Western Blotting Luminol Reagent (sc-2048; Santa Cruz Biotechnology Inc., Dallas, TX, USA), as described in previous study.
14 Western blot results were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
luciferase reporter assay
The 3′-untranslated region (UTR) sequence of FOXA1 predicted to interact with miR-212 or a mutated sequence within the predicted target sites was synthesized and inserted into the XbaI and FseI sites of the pGL3 control vector (Promega Corporation, Fitchburg, WI, USA). These constructs were named as wild-type (wt) FOXA1-3′UTR or mutant (mt) FOXA1-3′UTR, respectively. For the reporter assay, HepG2 cells were seeded into 24-well plates and transfected with the above constructs and miR-212 expression vector, miR-212 inhibitor, control vector, or negative control. After 48 hours, the cells were harvested, and Renilla luciferase activity was measured using the Dual-Luciferase ® Reporter Assay System (Promega Corporation), according to the manufacturer's instructions. Results were obtained from three independent experiments performed in duplicate.
immunohistochemical staining
Immunohistochemistry was performed on paraformaldehydefixed paraffin sections. FOXA1 (#3333, Epitomics Inc.) antibody was used in immunohistochemistry with streptavidin peroxidase conjugated (SP-IHC) method, and it was performed as previously reported. 15 The percentage of positive cells was graded as per the following criteria: 0, ,10%; 1, 10%-30%; 2, 31%-50%; 3, .50%. 
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Tu et al Figure 1 The expression of miR-212 and its prognostic significance in HCC. Notes: (A) comparing differences in the expression levels of mir-212 between hcc (T) and matched adjacent nontumor tissues (nT), *P,0.05. (B and C) according to the level of mir-212 expression, Kaplan-Meier 5-year overall and disease-free survival curves of hcc patients showed that low expression of mir-212 was correlated with poor prognosis. The median expression value obtained for mir-212 of the 86 hcc samples detected by qrT-Pcr was chosen as the cut off value. Abbreviations: hcc, hepatocellular carcinoma; mir-212, microrna 212; qrT-Pcr, quantitative reverse transcription-polymerase chain reaction.
statistical analysis
Results are expressed as mean ± SEM. Significance was established, with the SPSS statistical package for Windows Version 13 (SPSS, Chicago, IL, USA) and GraphPad Prism 5 software (GraphPad Software, Inc, San Diego, CA, USA), using a Pearson chi-squared test, the multivariant Cox regression analysis, a Kaplan-Meier plot, a log-rank test, a Spearman's rank correlation coefficient, or a two-tailed Student's t-test when appropriate. Difference were considered significant when P,0.05.
Results
Clinical significance of miR-212 in HCC cases
Initially, we tested the miR-212 expression in a retrospective cohort of 86 HCC tissues and matched adjacent nontumor tissues using quantitative reverse transcription (qRT)-PCR. The miR-212 expression in HCC tissues was significantly lower than that in matched adjacent nontumor liver tissues (P,0.05, Figure 1A ). The expression level of miR-212 was considered either low (n=43) or high (n=43) according to the cutoff value, which was defined as the median expression level of miR-212 in this cohort. As shown in Table 1 , miR-212 was expressed at prominently lower levels in HCC patients with high AFP level (P=0.008), large tumor size (P=0.007), high Edmondson-Steiner grading (P=0.017), and advanced tumor-node-metastasis tumor stage (P=0.009). Further, 86 HCC patients with survival information were analyzed using Kaplan-Meier estimation. Low expression of miR-212 was indeed associated with reduced overall survival and disease-free survival of HCC patients (P,0.05, respectively, Figure 1B and C) . Furthermore, multivariate Cox regression analysis indicated that miR-212 expression was an independent factor for predicting both 5-year overall and disease-free survival of HCC patients (P=0.005 and 0.001, respectively, Table 2 ). These data indicate that miR-212 is a potent biomarker for the prognosis of HCC patients.
mir-212 inhibits hcc cell proliferation and induces apoptosis
HepG2 cells were transduced with the miR-212 expression and control vectors, respectively. As measured by qRT-PCR, the miR-212 expression was significantly upregulated by miR-212 expression vector (P,0.05, Figure 2A 
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Tu et al incorporation assays were performed to test the effect of altering miR-212 levels on HCC cell proliferation. We found that upregulation of miR-212 significantly inhibited HepG2 cell proliferation (P,0.05, Figure 2B ). Furthermore, as determined by flow cytometry assays, the percentage of apoptotic HepG2 cells significantly elevated after upregulation of miR-212 (P,0.05, Figure 2C ). Next, downregulation of miR-212 in Huh7 cells was performed and was confirmed using qRT-PCR (P,0.05, Figure 2D ). As expected, downregulation of miR-212 obviously promoted HCC cell proliferation and inhibited apoptosis (P,0.05, respectively, Figure 2E and F). Thus, miR-212 inhibits cell proliferation and induces apoptosis in HCC cells.
FOXA1 is identified as a functional target of mir-212
To disclose the molecular mechanisms by which miR-212 inhibits HCC tumor growth, predicted target genes of miR-212 were retrieved and analyzed using publicly available databases (TargetScan 6.2 and MiRanda). FOXA1, an important transcription factor in liver development and cancer progression, 16 was predicted as one of the targets of miR-212. As measured by qRT-PCR and Western blot, both the levels of FOXA1 mRNA and protein were significantly reduced by upregulation of miR-212 in HepG2 cells (P,0.05, respectively, Figure 3A and B). Next, we investigated whether the miR-212 directly interacted with the 3′-UTR of FOXA1 mRNA using a Dual-Luciferase ® Reporter Assay System. As expected, miR-212 significantly inhibited the luciferase activity of FOXA1 containing a wild-type (wt) 3′-UTR but did not suppress the activity of FOXA1 with a mutant (mt) 3′-UTR (P,0.05, Figure 3C and D). When anti-miR-212 was transfected, an increase in luciferase activity of wt FOXA1 3′-UTR was observed. However, with the mt FOXA1 3′-UTR constructs, there was no relative increase in activity (P,0.05, Figure 3C and D) . Thus, our data strongly suggest that FOXA1 is a target of miR-212 in HCC.
mir-212 inhibits cell growth by targeting FOXa1 in hcc cells
The expression of FOXA1 was further detected using immunohistochemistry in the previous cohort of 86 HCC specimens. FOXA1 was demonstrated to be significantly 
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The role of mir-212 in hcc higher in HCC tissues as compared with that in noncancerous tissues (P,0.05, Figure 4A ). The immunoreactivity of FOXA1 was considered either negative (score 0) or positive (scores 1-3). In these cases, the expression of FOXA1 was detected in 69.8% (30/43) of the HCC samples with low expression of miR-212, whereas only 34.9% (15/43) of the HCC specimens with high expression of miR-212 showed a positive FOXA1 signal (P,0.05, Figure 4B ). Furthermore, Spearman correlation analysis indicated that miR-212 was inversely correlated with FOXA1 expression in HCC tissues (r=−0.562, P,0.001).
Next, HepG2 cells that were transfected with scrambled siRNA or FOXA1 siRNA were subjected to Western blot for FOXA1. As assessed by immunoblotting, FOXA1 was knocked down by a specific siRNA (P,0.05, Figure 5A ). Furthermore, FOXA1 knockdown inhibited cell proliferation and induces apoptosis in HepG2 cells (P,0.05, respectively, Figure 5B and C). In sum, these data indicate that miR-212 suppresses HCC cell proliferation and induces apoptosis by inhibiting FOXA1.
Discussion
Increasing studies have reported that miRNAs regulates carcinogenesis-related gene expression, indicating a new insight in the initiation and progression of HCC. 17, 18 Decreased miR-212 expression has been confirmed in various types of cancers, including gastric cancer, 1-3 lung cancer, 4, 5 colorectal cancer, 6 and AML. 7 Accordingly, our study demonstrated that the miR-212 expression in HCC tissues was significantly downregulated as compared with that in adjacent nontumor tissues. Furthermore, our results showed that reduced expression of miR-212 was associated with poor prognostic features of HCC. Importantly, miR-212 was identified as an independent prognostic marker for predicting 5-year overall survival and disease-free survival of HCC patients. These results indicate that miR-212 plays an important role in the progression of HCC, and may serve as a promising prognostic biomarker for HCC patients.
The prognostic significance of miR-212 expression in human malignancies stimulates scientists to dig out its biological functions and underlying mechanisms. miR-212 has submit your manuscript | www.dovepress.com
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Tu et al been found to inhibit the growth of gastric cancer cells by targeting MeCP2 and promote the cell death of non-small-cell lung cells by regulating PED. 1, 5 However, in PDAC, miR-212 was found to promote cell growth and invasion by targeting hedgehog signaling pathway receptor patched-1. 11 These studies suggest that miR-212 functions as a tumor suppressive or oncogenic miRNA in accordance with tumor types. In this study, we evaluated the biological functions of miR-212 through gain-and loss-of-function experiments. Our results demonstrated that miR-212 had an inhibitory effect on HCC cell growth by suppressing cell proliferation and inducing apoptosis. Due to these obvious effects of miR-212 on HCC cells proliferation and apoptosis, we further investigated its underlying mechanisms in HCC. Deregulation of miRNAs has been considered as a critical factor in the initiation and progression of HCC by serving as a negative regulator of oncogenic protein. 19, 20 The expression of FOXA1 was found to be upregulated in liver cancer cells 21 and promoted the expression of Yes-associated protein and alpha fetoprotein in HCC, 16 suggesting its oncogenic role in HCC. Furthermore, the expression of FOXA1 was found to be a downstream mediator of lncRNA MT1DP, which inhibited cell proliferation and transformative phenotype of liver cancer cells. 16 In this study, we found that miR-212 significantly reduced the levels of both FOXA1 mRNA and protein in HepG2 cells.
Herein, we validated FOXA1 as a direct functional target of miR-212 in HCC. Furthermore, the expression of FOXA1 in HCC tissues was obviously higher as compared with that in matched normal nontumor tissues. Otherwise, a significant inverse correlation between miR-212 and FOXA1 expression was observed in HCC tissues. Importantly, FOXA1 knockdown showed the same regulatory effect as upregulation of miR-212 in HepG2 cells with decreased cell proliferation and increased apoptosis. Altogether, our results suggest that FOXA1 is a downstream target of miR-212, and miR-212 may suppress cell proliferation and induce apoptosis by targeting FOXA1 in HCC. Moreover, the study by Yu et al suggested that Yes-associated protein was a downstream target of FOXA1. 16 It is interesting to mention here that another study by Liang et al showed that the H3K4 demethylase retinoblastoma binding protein 2 was a downstream target of miR-212 in HCC cells and miR-212 inhibited HCC cell proliferation and induced cellular senescence by modulating the expression of retinoblastoma binding protein 2. 22 This suggests that FOXA1 is not the only target of miR-212 in HCC and miR-212 can exert its tumor suppressive role by modulating various downstream pathways in HCC cells.
In conclusion, we find that miR-212 is downregulated in HCC tissues. The low expression of miR-212 is correlated with poor prognostic features and reduced survival of HCC
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The role of mir-212 in hcc patients. We demonstrate that miR-212 may reduce HCC cell growth by suppressing FOXA1 expression. In sum, we consider that miR-212 may potentially act as a clinical biomarker, and may also be a therapeutic target, in HCC.
